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Abstract: Cytochrome c (Cyt c) is a biomarker of early apoptosis that plays a critical role in the
diagnosis and therapy of non-small cell lung cancer (NSCLC). In this work, we proposed a novel
surface-enhanced Raman scattering (SERS)-based biosensor to implement the ultrasensitive
detection of Cyt c in the serum of NSCLC patients. The SERS-supporting substrates based on
hydrophobic filter paper were composed of gold nanourchins (GNUs) surface-functionalized
with the Cyt ¢ aptamer and the cyanine 5-labeled complementary DNA. In the existence of Cyt
¢, it could specifically bind to its aptamer, which leads to the detachment of complementary
strands modified with Cy5 and the great weakness of SERS signal. The finite-difference time
domain (FDTD) simulation showed that the excellent SERS performance of GNUs aggregation
was strongly dependent on a large number of “hot spots” at the tips and between the nanogaps
of aggregated GNUs. Alkyl ketene dimer (AKD) was used to make the filter paper modify its
property from hydrophilic to hydrophobic, which consequently increased the density of GNUs
and extended the retention time of the analyte. SERS biosensors based on hydrophobic paper
exhibited prominent reproducibility and selectivity. The detection limit of Cyt ¢ in PBS was
1.148 pg/mL, while the detection limit in human serum was 1.79 pg/mL. Moreover, the analysis
of the serum samples of healthy subjects and NSCLC patients confirmed the feasibility of its
clinical application. The results were consistent with enzyme-linked immunosorbent assay results.
This method can be a powerful strategy for quantitative detection of extracellular Cyt c, and it is
expected that the SERS-based biosensors could be applied in the practical clinical diagnoses of
NSCLC.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Lung cancer has become one of the most common malignancies worldwide [1]. The majority of
lung cancer patients are diagnosed with non-small cell lung cancer (NSCLC), including lung
adenocarcinoma, lung squamous carcinoma, and large cell lung cancer [2,3]. Lung cancer is
the most commonly diagnosed cancer in both sexes, with a total of 11.6% of the cases. Lung
cancer accounts for 18.4% of the cancer deaths, and its aggressiveness is the main reason for the
high mortality rate [4]. In fact, most NSCLC is usually diagnosed at the late stage of inoperable
stage, although early detection of NSCLC significantly improves survival rate. Therefore, early
diagnosis is of great significance to improve the prognosis and prolong the survival time of lung
cancer patients. Recent studies have shown that serum cytochrome c is a potential marker for
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diagnosing NSCLC [5]. Cytochrome ¢ (Cyt c), a water-soluble heme protein, plays an important
role in initiation of apoptosis [6,7]. NSCLC patients exhibit more than three times lower serum
Cyt c level at the time of diagnosis compared to healthy controls, which indicated that apoptosis
is inhibited, enhancing cancer cell proliferation, invasion and migration [8]. In a word, Cyt ¢ can
be regarded as an important indicator of NSCLC. However, the early diagnosis of NSCLC still
faces many challenges. At present, several conventional methods involving magnetic resonance
imaging, sputum cytology examination and histology of bronchoscopy are usually not practical,
and are expensive for most early NSCLC detection [9]. These shortcomings prevent tumor
diagnosis and differentiation from further clinical application. Moreover, the concentration of
Cyt ¢ in human serum is too low to be conducive to detection [5]. Hence it is necessary to
develop a novel and simple method for the detection of Cyt ¢ in the early screening of NSCLC.

Surface-enhanced Raman spectroscopy (SERS) is an vibrational spectroscopic technique,
which has been proven to be one of the most sensitive analytical methods for the detection of
disease biomarkers including proteins, peptides, and nucleic acids [10—13]. In comparison with
the traditional analytical method, SERS possesses a good deal of significant superiorities. Above
all, SERS demonstrates excellent characteristics with high sensitivity, a unique fingerprint, narrow
spectral band, and non-destructive data acquisition [14—16]. Secondly, it is able to facilitate the
molecular-level identification of samples [17]. Thirdly, the sample preparation and operation are
very easy and nondestructive, which is suitable for the detection of a wide variety of matrices
[18,19]. SERS signals can be enhanced by 5 to 6 orders of magnitude in the presence of a reporter
molecule near the plasmonic nanoparticles, with values up to 100 at the “hot spots” [20,21].
These “hot spots” are usually found near the edges and vertices of sharp features on isolated
nanoparticles or at the junction between electromagnetically coupled nanoparticles [22-24]. As
aresult, SERS-based sensing, as an ultrasensitive sensing strategy, has attracted wide attention,
which has been rapidly developed for biosensing. Aptamer is a piece of single-stranded DNA
or RNA sequence isolated through in vitro selection (SELEX, systematic evolution of ligands
by exponential enrichment), which is a new class of targeting moieties [25-27]. Due to their
capability of folding into secondary and tertiary structures, aptamers are prone to synthesis and
manipulation with different functional groups, which enables targeting a wide range of biomarkers
with high affinity [28,29]. They offer advantages of low immunogenicity, long-term stability
both in solution and a dry powder, high sensitivity, and good specificity [30-32]. Combining the
high selectivity of the aptamer reaction with the highly sensitive SERS is a major innovation in
nanoplasma, which has achieved good results in recent years. For example, Bhamidipati et al.
reported a SERS-based substrate comprising gold nanostars and epithelial cell adhesion molecule
(EpCAM) aptamers for the quantification of the cancer biomarker EpCAM protein, both soluble
and cell membrane-embedded [28]. Wang et al. constructed a novel SERS biosensing platform
consisting of the aptamer sequences of DNA hydrogel and AuNPs SERS probes for the sensitive
detection of a-fetoprotein (AFP) in human serum, a tumor marker of liver cancer [33]. Li et
al. developed an ultrasensitive biosensor to detect protein tyrosine kinase-7 (PTK7) in blood
samples, an important tumor biomarker on the cell surface, by aptamer conformation-cooperated
enzyme-assisted surface-enhanced Raman scattering (SERS) (ACCESS) technology [34]. The
use of aptamers provided the highly specific recognition for SERS tags, which can achieve the
quantitative and specific detection of a variety of biomarkers and accurate diagnosis of diseases.

In order to detect bioactive molecules at trace level, SERS signals should be further enhanced
through preparing optimized nanostructures with high density of “hot spots” [35]. The enhanced
amplification of the SERS signal arises from the localized surface plasmon resonance (LSPR)
of the metal-based nanostructure [36-38]. With the LSPR excited, an intense electromagnetic
field (EM), which is called “hot spot”, is generated in the proximity of the metal nanoparticles,
amplifying the SERS signal [39,40]. The properties of nanoparticles, such as size, shape and
aggregation, powerfully influence the resonance of LSPR [23]. As is known to all, the presence
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of numerous “hot spots” results in the achievement of the strong EM enhancement at interparticle
gaps, tips, and protrusions [41,42]. According to the basic principle, nanomaterials with special
protrusions and multiple branch angles, which have higher SERS enhancement or contain a higher
density of “hot spots”, have attracted great attention for SERS development. In comparison with
other nanomaterials, gold nanourchins (GNUs), which are composed of many sharp protrusions
and tips, have been proven to produce strong local electromagnetic field enhancement up to
about 10” in order of magnitudes [43]. Optically excited plasmonic hot spots are located at
the multi-sharp tips of GNUs, enhancing the electromagnetic field around the nanoparticles
[44]. GNUs have good biocompatibility, low preparation cost, mild synthesis conditions and
simple reaction process. As a result, GNUs are a potential candidate for the construction of
SERS substrates to detect biomolecules. In contrast with isolated nanoparticles, the aggregates
of nanoparticles have a more significant electromagnetic field coupling, which tends to increase
with the decrease of nanoparticle gap [45,46]. GNUs were assembled into substrates to achieve
hot spots with high density and strong SERS signal enhancement effect.

Speaking generally, to use SERS technology in routine studies for analysis, the SERS substrates
should be cheap, stable, easily producible and ecologically friendly [47]. For these reasons,
researchers have been absorbed in paper-based SERS substrates as an excellent replacement for
conventional SERS substrates recently [47-49]. However, the sensitivity and reproducibility of
the sensors are reduced on account of the inherent nature of paper substrates for SERS sensors,
such as high porosity, hygroscopic nature, and hydrophilic surface properties, which limit their
use [48]. In this paper, we proposed a filter paper functionalized with alkyl ketene dimer (AKD)
for hydrophilic-to-hydrophobic surface property modification. The paper was treated with AKD
to make the hydroxyl groups of the cellulose fibers in the paper converted into hydrophobic alkyl
groups. The homogeneity and reproducibility of the substrate could be improved by preventing
the rapid absorption of analytes and nanoparticles into the AKD-treated paper [47].

In this study, the SERS-based biosensor was developed for ultrasensitive detection of Cyt
¢ in clinical serum by using the GNUs immune substrate based on hydrophobic filter paper.
Compared with conventional SERS substrates, the hydrophobic paper-based SERS substrates
had several advantages of low cost, easy to be functionalized and environmentally friendly [50].
The GNUs substrates with high SERS activity were prepared and modified with Cyt ¢ aptamer
and Raman reporter Cy5-labeled complementary DNA as capturing substrates. In order to
analyse the SERS homogeneity and stability of the substrates, detailed characterization of the
substrates was carried out using scanning electron microscopy (SEM), SERS maps, and SERS
spectra. The feasibility of the proposed approach was evaluated through the change of SERS
signal during Cyt c detection. The experimental conditions were optimized for the fabrication of
the SERS biosensor platform, including the concentration of Cyt ¢ aptamer, the concentration
of Cy5-labeled complementary DNA, hybridization time, incubation time of aptamer bonding
to Cyt ¢, and pH values. The selectivity, sensitivity and reproducibility were further evaluated
to confirm the performance of the SERS biosensor. The accuracy of the SERS method for
testing Cyt ¢ was validated using the ELISA method for comparison. It can be believed that this
approach was not only used in the quantitative determination of Cyt c, but also expected to be a
new strategy for early diagnosis of NSCLC.

2. Materials and methods
2.1. Materials

Chloroauric acid (HAuCly-4H,O, analytical grade), L-dopa (3,4-dihydroxyphenylalanine, an-
alytical grade), alkyl ketene dimer (AKD) and filter paper were purchased from Younuo
Chemicals Inc. (Yangzhou, China). Glucose (Glu), immunization globulin G (1gG), hu-
man serum albumin (HSA), bovine serum albumin (BSA), ascorbic acid (AA) and Cyt ¢
were obtained from Noah Chemical Inc. (Yangzhou, China). Human Cyt ¢ ELISA kit was
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purchased from Sangon Biotech Inc. (Shanghai, China). The thiolated aptamer of Cyt ¢

and its complementary strand DNA were purchased from corporation of Minneapolis and
were used according to the instructions of manufacturer. Cyt ¢ aptamer sequence: 5°-SH-
AGTGTGAAATATCTAAACTAAATGTGGAGGGTGGGACGGGAAGAAGTTTATTTTTCACACT-
3’; complementary chain sequence: 5’-ATATTTCACACT-Cy5-3’. Ultrapure water from a
Millipore water purification system (18.2 MQ) was used in the process.

2.2. Synthesis of gold nanourchins

To synthesize gold nanourchins, 2 mL of HAuCly solution (10 mM) was injected into 6 mL of
ultrapure water. After stirring at 600 rpm for 5 min, 2 mL of L-dopa (10 mM) was added, which
made the color of the solution changed from pale yellow to coral. Then, it was allowed to react
with agitation for 20 min. Finally, the mixture were centrifuged at 5000 rpm for 5 min and
resuspended in 10 mL ultrapure H,O. All reactions were carried out at room temperature.

2.3. Construction of the SERS substrates

At first, the filter papers were cut to a size of 80 mm by 50 mm, and then soaked in 0.1% AKD
dispersion for 2 min to increase its hydrophobicity. After AKD treatment, the filter papers were
rinsed with ultrapure water to eliminate the remaining AKD, and then placed in an oven at 100 °C
for 10 min to obtain the hydrophobic paper (h-paper). For the fabrication of the GNUs substrates
on the h-paper, the h-paper was immersed in the GNUSs solution for 12 h. The gold content of
GNUs solution was 0.39 mg/mL. They were washed three times with ultrapure water and dried
at room temperature. The following step was the surface functionalization of the substrates.
The Cyt ¢ aptamer and Cyt ¢ aptamer complementary strand, as DNA, was placed in a water
bath at a temperature above melting temperature (Ty,) for 5 min to activate the DNA. The Ty,
was calculated by corporation of Minneapolis. Next, the GNUs substrates were incubated with
50 uL of 1 uM Cyt ¢ aptamer solution (coating) for 80 min. They were washed three times
with ultrapure water to remove the excess aptamer. Then the Cyt ¢ aptamer modified GNUs
substrates were incubated with 50 puL of 500 nM Cyt ¢ aptamer complementary strand solution
(coating). After incubation at 37 °C for 50 min, the hybridization was completed and then the
SERS substrates were washed twice with PBS to remove excess unreacted reagent [51]. Finally,
the above functionalized substrates were dried at room temperature to obtain the final substrate
for SERS measurement.

2.4. Serum sample collection and processing

Serum samples from healthy people and NSCLC patients (both from Subei People Hospital of
Jiangsu Province, China) were stored at 4 °C prior to use. All the written consent and ethics
permission were acquired. The detailed information of study population was summarized in
Table 1. Each blood sample was approximately 5 mL in volume and was extracted intravenously
from volunteers before breakfast to avoid the interference of food. Then, the blood sample was
deposited at 4 °C for 4 h and was centrifuged at 3000 rpm for 10 min in order to remove the blood
cells, fibrinogen, and platelets. The separated supernatants were stored at -80 °C for subsequent
experiments.

2.5.  Procedure for detecting Cyt ¢

A 10 uL of target Cyt c solution with different concentrations was added to the above SERS
substrate and incubated at 37 °C for 120 min at a humid chamber. The obtained substrate was
thoroughly washed by PBS, and was subjected to spectral acquisition.
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Table 1. Demographics of study population.

Sample Healthy subjects NSCLC
Mean age (years) 45 48
Gender

Male 16 15
Female 14 15
Sample number 30 30

2.6. Characterization

The UV-visible absorption spectra were obtained by a Hitachi U-3000 UV-visible spectrophotome-
ter. Scanning electron microscope (SEM) images were recorded on an S-4800 II field-emission
scanning electron microscope at 3.0 KV. The shape of the nanostructures was characterized by a
Tecnai 12 transmission electron microscope at 60 KV (Philips). High-resolution TEM images
(HRTEM) and selected area electron diffraction (SAED) images were captured with a Tecnai
G2 F30 S-Twin TEM at 200 KV (FEI). SERS spectroscopy measurements were performed by
Renishaw Invia microRaman at room temperature by a 785 nm excitation laser. The laser was
focused onto the sample surface by a 50x long working distance objective. The extinction power
and the acquisition time were S mW and 10 s in all measurements, respectively.

3. Results and discussion

3.1.  Principle of the Cyt ¢ detection mechanism

Figure 1 is the schematic representation of the SERS-based biosensor for Cyt ¢ detection. First,
filter paper was treated with alkyl ketene dimer (AKD) solution to allow an esterification reaction
of AKD with the hydroxyl groups of the cellulose fibers in the filter paper. AKD treatment
converted the hydroxyl groups of the cellulose fibers in the paper into hydrophobic alkyl groups,
which changed the filter paper from hydrophilic to hydrophobic [47,52]. Then, GNUs were
assembled to the surface of the AKD functionalized substrates. The next step in the substrate
preparation was the in situ functionalization of the GNUs substrate. Due to the sulthydryl groups
at the 5’ terminus of the chain, Cyt ¢ aptamers were efficiently chemisorbed on the surface of
GNUs through strong gold sulfur bonds. Then the aptamer was connected with a complementary
DNA labeled by Cy5 at the 3’ terminus by hybridization effect. Finally, the biosensors were
successfully prepared. In the presence of Cyt c, the biosensors were triggered because of the
specific binding of Cyt c to its aptamer, leading to the detachment of the complementary chains
modified with Cy5. The SERS signal of Cy5 weakened gradually with the increase of the distance
between the complementary chain and GNUs. Based on this principle, Cyt ¢ in clinical serum
could be detected and quantified by the change of SERS signals.

3.2. Characterization of GNUs

The morphology and structure of the as-prepared GNUs were characterized by SEM and TEM.
Figure 2(A) showed these GNUs were uniform in both size and morphology. To obtain more
detailed observations of the GNUs, a high-magnification SEM image was taken. As shown in
Fig. 2(B), the surfaces of the GNUs were closely covered by many thorn-like tips extending
radially from a center with few nanometers in thickness and several tens of nanometers in length.
The GNUs with the average size were about 300 nm. The typical TEM image of the GNUs
in Fig. 2(C) showed that the GNUs were almost the same in morphology and no other shapes
were found. The crystal structure and growth surface of the GNUs were observed from HRTEM
and SAED images. It can be seen from the HRTEM image in Fig. 2(D) that the GNUs grew
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Fig. 1. Schematic illustration of Cyt ¢ detection mechanism with GNUs biosensors based
on SERS.

preferentially on (111) planes due to the lattice spacing of the tips of 0.230 nm. The morphology
of the GNUs was further observed by SAED image. Several bright apertures in Fig. 2(E)
corresponded to (111), (200), (220), (311) crystalline facet respectively, indicating that the GNUs
were well-crystallized pure gold nanoparticles. From the representative UV-visible absorption
spectrum of the GNUs in Fig. 2(F), the surface plasmon (SP) resonance band of gold is not
obvious because of the strong background from the visible light absorption of L-dopa molecules
[53]. When HAuCly was mixed with L-dopa aqueous solution under stirring at room temperature
(as shown in the experiment section), the color of the solution changed from pale yellow to coral
within 20 min, which indicated the formation of the GNUs. During the preparation of GNUs, the
L-dopa molecules have three important functions. At first, they play the role of a reducing agent
to make the Au ions reduced to the Au atoms. Secondly, they serve as capping agents, stabilizing
the Au atoms and allowing them to bond together into aggregates. Thirdly, the L-dopa molecules
can make Au ions preferentially adsorbed on the tips of the rough surface, which results in a
protuberant growth on the surface of the above aggregates with higher curvature. Finally, GNUs
can be successfully synthesized in high yields through one-step reduction synthesis [54].

3.3. Finite-difference time domain (FDTD) simulation

To understand the interactions of SERS enhancement effect with the GNUs structures, the finite
difference time domain (FDTD) method was applied for calculations. It can be seen from the
TEM images of GNUs in Figs. 3(A) and 3(B) that the GNUs had an average size of 300 nm,
thorn-like tips thickness of 10 nm and thorn-like tips length of 40 nm. The spacing between two
GNUs was about 0.5 nm. Figure 3(C) presented the calculated electromagnetic field distribution
of the individual GNU at the 785 nm incident laser wavelengths. It was obvious that the “hot
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Fig. 2. Typical SEM (A, B) and TEM (C) images of the GNUs. (D) The HRTEM image
of the GNUs. (E) The SAED pattern of the GNUs. (F) The representative UV-visible
absorption spectrum of the GNUs. The insert shows the solution of the GNUs.
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spots” or maxima in |E| were located in the sharp tips and the nanogaps between adjacent tips
of the GNUs, showing a strong electromagnetic field enhancement effect [55]. In addition, the
interparticles electromagnetic field enhancement effect between GNUs was also investigated in
Fig. 3(D). It can be found from the electromagnetic field distribution that additional “hot spots”
can be created in the nanogap junction of GNUs dimer via the interparticles assembly, which is
greatly beneficial to the improvement of the uniformity and reproducibility of SERS signals [56].

X (nm) ) T Xam)

Fig. 3. TEM images of (A) a single GNU, (B) GNUs dimer. The corresponding simulated
electric field distribution images of (C) a single GNU, (D) GNUs dimer.

3.4. Characterization of GNUs substrates

GNUs substrate was prepared by simple AKD-hydrophobic surface-assembly method. The
paper was modified with AKD to generate a hydrophobic top layer, holding back the mainly
aqueous sample from spreading on the paper and increasing retention time of analytes. GNUs-
modified h-paper substrate was prepared by the sedimentary self-fixing method, making the
GNUs deposited on the surface of h-paper. Figures 4(A) and 4(B) displayed the SEM images
of GNUs-modified paper substrate and GNUs-modified h-paper substrate, respectively. In
comparison with the uneven distribution on the surface of GNUs-modified paper substrate,
GNUs-modified h-paper substrate was uniformly distributed on the surface of the h-paper with
slight aggregation. The uniformity and enhancement effect of SERS signals were evaluated via
a SERS mapping experiment performed by the Renishaw Raman microspectroscopy system.
Figures 4(C) and 4(D) presented the SERS mapping images recorded on the GNUs-modified
paper substrate and GNUs-modified h-paper substrate. The two prepared substrates were labeled
with NBA (5x107° M), therefore the characteristic peak of NBA at 592 cm™! was used as the
mapping signal. The scan area was 40x50 mm?, the step size was 2 mm, the laser power was
5 mW, and the acquisition time at each point was 10 s. The color of SERS mapping was used to
display the intensity of the 592 cm™! at each point according to a color scheme ranging from
blue (lowest intensity) through green, yellow, orange, and red (highest intensity). Uneven color
distribution in Fig. 4(C) showed that the SERS enhancement effect on the GNUs-modified paper
substrate was properly inhomogenous. Instead, the color distribution was uniform in Fig. 4(D),
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which indicated that GNUs-modified h-paper substrate had a great homogeneity. Then, the
strongest point and the weakest point on two substrates were selected to measure their SERS
spectra. In Fig. 4(E), the deviation of the signal intensities at 592 cm™! at the two points on
the GNUs-modified paper substrate was 40.19%. While, from Fig. 4(F), the deviation of the
signal intensities at 592 cm™! at the two points on the GNUs-modified h-paper substrate was
9.38%, which further supported the good homogeneity of the GNUs-modified h-paper substrate.
Therefore, GNUs-modified h-paper substrate was used for the follow-up experiment. In addition
to testing the uniformity of the GNUs-modified h-paper substrate, the SERS stability of the
NBA-labeled GNUs substrate was also evaluated. As shown in Fig. 4(G), the average SERS
spectra of the NBA-labeled GNUs substrate were obtained after GNUs substrates were stored for
0 day, 5 days, 10 days, 15 days at room temperature. Due to no significant changes in the SERS
spectral peak and shape, the SERS enhancement effect of the GNUs substrates had excellent
stability. In Fig. 4(H), after 15 days, compared with the freshly prepared substrates, the SERS
enhancement effect was reduced by only 5.45%, which further proved the SERS stability of the
GNUs-modified h-paper substrate.

3.5. Investigation of the feasibility

In the paper, we chose Cyt c, a water-soluble heme protein which was identified as a biomarker
of mitochondrial apoptotic pathway, as a model disease target for clinical diagnosis of NSCLC.
Principle of this aptamer-based biosensing process for Cyt ¢ was shown in Fig. 1. In brief, the
GNUs on h-paper substrate were modified with Cyt ¢ aptamer through strong gold sulfur bonds
with thiol labeled at the 5° terminus. Then the aptamer was connected with a complementary
DNA labeled by CyS5 at the 3’ terminus by hybridization effect. In the presence of Cyt ¢ which
can be identified by the aptamer, the complementary DNA will be replaced from the aptamer and
can be washed away, making SERS signal significantly decreased.

Cy5 was used as Raman reporter to investigate the feasibility of proposed SERS-active
substrate for Cyt ¢ detection. Figure 5(A) showed SERS spectra of the GNUs substrate, the GNUs
substrate with Cyt ¢ aptamer modification, the GNUs substrate with aptamer and Cy5-labeled
complementary DNA, the SERS biosensor in the presence of Cyt c. And Fig. 5(B) was the
corresponding intensities bar graphs of characteristic peaks of Cy5 at 1360cm~'. No SERS
signal was detected when there was no aptamer labeled on the surface of the GNUs substrate
(curve a), indicating that the SERS signal of the GNUs substrate had no effect on the subsequent
detection. When the Cyt ¢ aptamer was modified on the surface of the GNUs substrate (curve
b), still no SERS signals were observed because of the absence of Raman reporter molecule
near the substrate. From curve c, strong SERS signals were obtained after a Cy5-labeled
complementary DNA was added on the surface of the GNUs substrate modified with Cyt ¢
aptamer, especially at 1120, 1230, 1360, 1465 and 1600 cm~ !, which correspond to V(C-H)ip—bend>
V(C-N)sretchs V(C = Viing, V(C = Clring—stretch and v(C = N)gyrerecn modes of Cy5 and match well
with the literature values [57]. The appearance of characteristic peaks of Cy5 reflected the
successful modification of Cyt ¢ aptamer with sulfhydryl on the surface of the GNUs substrate
by strong gold sulfur bonds from one aspect. Then the Cy5-labeled complementary DNA was
hybridized with the aptamer, generating the strong SERS signal due to small distance between
Cy5 and GNUs. It was proved that the complementary DNA was effectively decorated on the
SERS substrate. The SERS signal for the SERS substrate significantly decreased after Cyt ¢ was
added, confirming that after Cyt ¢ binding to aptamer, Cy5-labeled complementary DNA was
separated from the surface of the GNUs substrate and washed away (curve d). These results
demonstrate the feasibility of using the intensities of characteristic peaks of Cy5 at 1360 cm™! as
the quantitative standard for Cyt c detection.
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Fig. 4. SEM images of (A) the GNUs-modified paper substrate and (B) the GNUs-modified
h-paper substrate. SERS mapping of NBA (5%107° M) measured at 592 cm™! using (C)
the GNUs-modified paper substrate and (D) the GNUs-modified h-paper substrate. (E) The
SERS spectra at the strongest point (Fig. 4(C)-(b)) and the weakest point (Fig. 4(C)-(a)) on the
GNUs-modified paper substrate. (F) The SERS spectra at the strongest point (Fig. 4(D)-(d))
and the weakest point (Fig. 4(D)-(c)) on the GNUs-modified h-paper substrate. (G) The
average SERS spectra of the NBA-labeled GNUs-modified h-paper substrate after the storage
of 0 day, 5 days, 10 days, 15 days at room temperature. (H) SERS intensities of the bands at
592 cm™! corresponding to the SERS spectra (G).
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The corresponding intensities bar graphs of characteristic peaks of Cy5 at 1360 cm™!

3.6. Optimization of experimental conditions

In order to achieve the best performance of the SERS biosensor platform, the experimental
conditions were further optimized, including the concentration of Cyt ¢ aptamer, the concentration
of Cy5-labeled complementary DNA, hybridization time, incubation time of aptamer bonding to
Cyt c and pH values (see Supplement 1, Fig. S2).

3.7.  Selectivity and reproducibility of SERS biosensor platform

Under optimal experimental conditions, SERS biosensor platform was constructed to evaluate
the selectivity and reproducibility of this approach. To demonstrate the selectivity of the strategy,
in addition to Cyt c, five other groups of biologically relevant species including glucose (Glu),
immunization globulin G (1gG), human serum albumin (HSA), bovine serum albumin (BSA) and
ascorbic acid (AA), at the same concentration of (10 ug/mL) were added to the GNUs substrate
and the SERS intensity at 1360 cm~! was measured. From Figs. 6(A) and 6(B), compare with
the other control groups, the sample containing Cyt ¢ at the same concentration can efficiently
decrease the SERS signal, thus demonstrating that the developed SERS biosensor platform
possesses a high selectivity toward the target Cyt c. It can be confirmed from the results that the
SERS biosensor platform was capable of tolerating a complex sensing environment. Figures 6(C)
and 6(D) showed the reproducibility of SERS biosensor platform. Eight different batches of
SERS biosensor platform were prepared at different times. SERS spectra of different batches of
SERS biosensor platform for detection of the same sample containing Cyt ¢ (10 pg/mL) were
measured. The deviation of peak height at 1360 cm™! was 4.30% (Fig. 6(D)), which supported
the good reproducibility of the SERS biosensor platform. The overall results demonstrated
excellent selectivity and reproducibility of the SERS biosensor platform toward Cyt ¢, which can
be used as a material for biomarker detection in complex sensing environment.

3.8. Fabricated SERS sensor for Cyt ¢ detection

For quantitative Cyt c detection, eight Cyt ¢ standards were added to the GNUs substrate
containing Cyt ¢ aptamer and Cy5-labeled complementary DNA at final Cyt ¢ concentrations
of 0 pg/mL, 10 pg/mL, 100 pg/mL, 1 ng/mL, 10ng/mL, 100 ng/mL, 1 pg/mL and 10 ug/mL in
PBS, respectively. As shown in Fig. 7(A), with the concentration of Cyt c increased, SERS
intensities of Cy5 characteristic peak gradually decreased. It is due to that the specific binding
of Cyt c to its aptamer resulted in the detachment of the complementary chains modified with
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Fig. 6. (A) SERS spectra measured for the detection of Cyt ¢, glucose (Glu), immunization
globulin G (1gG), human serum albumin (HSA), bovine serum albumin (BSA) and ascorbic
acid (AA) at the same concentration of 10 ug/mL in PBS. (B) SERS intensities of Cy5 char-
acteristic peak at 1360 cm™! corresponding to A. (C) The reproducibility of SERS biosensor
platform. (D) SERS intensities of Cy5 characteristic peak at 1360 cm™! corresponding to C.

Cy5. The characteristic Cy5 peak at 1360 cm™" was chosen to quantitatively analyze Cyt c.
Figure 7(B) showed the obtained standard curve for the SERS intensity against the logarithm of
the Cyt c concentration over the range of 0 pg/mL to 10 ug/mL. The linear regression equation
was y=-3284.1x+25095.4, and the correlation coefficient (R2) was 0.99177, where y was the
peak intensity at 1360 cm™! and x was the log of Cyt ¢ concentrations. The limit of detection
(LOD) of Cyt c based on the fabricated SERS biosensor was calculated to be 1.148 pg/mL.

To verify the capability of the fabricated SERS biosensor platform to analyze clinical samples,
SERS was applied to quantitatively detect the concentration of Cyt c in the clinical serum. The
Cyt c solution was prepared by mixing Cyt ¢ with human serum to obtain concentrations in the
range of 0 pg/mL to 10 pg/mL. It was evident that a proportional decrease in the intensity of
the band at 1360 cm™! was observed with an increase in the Cyt ¢ concentration (Fig. 7(C)).
The CyS5 signal showed a linear increase with the Cyt ¢ concentration in the range of 0 pg/mL
to 10 ug/mL. As shown in Fig. 7(D), the regression equation and correlation coefficient were
y=-3339.7x+25342.8 and 0.9972, respectively. The lowest detection concentration of the SERS
biosensor platform for determination of Cyt ¢ in the human serum was 1.79 pg/mL.

3.9.  Accuracy verification of SERS biosensor platform

In order to confirm the practicability of the SERS sensing platform, the collected 60 serum
samples were analyzed with our developed sensor. Figure 8(A) showed the mean SERS spectra of
different serum samples from healthy people and NSCLC patients. As shown in the corresponding



Research Article Vol. 11, No. 12/1 December 2020/ Biomedical Optics Express 7074 |

Biomedical Optics EXPRESS -~

=]

30000
10000
Wuvm y=-3284.1x+25095.4
n . R?=0.99177
2 i
10 pg/mL)| e« 200004
| S
AN AN 100 pg/my E’
,\,_/\,\/\/\/\J\/\,/\M 2
W
W\M@ E 100007
A AN~ 100 ng/my =
- - . o
1000 1200 1400 1600 1800 0 1 2 3 4 5 6 7
Raman shift (cm™) Ig([Cyt c] pg/mL)

I @ 30000
Mﬁ”\/‘w

10 pg/mL

y=-3339.7x+25342.8
R=0.9972

a.u)

3 20000

e A NN M AN 100 pg/mL

—\,_/\,\/\/\/\J\/\-/\”\MM“_L
MW\/W@L
100 ng/mL,

1 pg/mL)
——————————— YT}
1000 1200 1400 1600 1800 0 1 2 3 4 5 6 7
Raman shift (cm™) Ig(ICyt c] pg/mL)

10000

Intensity (

Fig. 7. (A) SERS spectra of Cy5 for quantitative evaluation of the Cyt ¢ with different
concentrations from 0 to 10 ug/mL in PBS buffer. (B) Calibration plot of the changed SERS
signal intensities (1360 em™!) versus the logarithm of Cyt ¢ concentrations corresponding
to A. (C) SERS spectra of Cy5 for quantitative evaluation of the Cyt ¢ with different
concentrations from 0 to 10 ug/mL in the serum. (D) Calibration plot of the changed SERS
signal intensities (1360 em™!) versus the logarithm of Cyt ¢ concentrations corresponding to
C.

bar graphs (Fig. 8(B)), the SERS intensities of the peaks at 1360 cm™~! of NSCLC patients were
much higher than healthy subjects. The concentrations of Cyt ¢ were calculated by substituting
the SERS intensities at 1360 cm™! into the linear regression equation obtained in the human
serum (Fig. 7(D)). The feasibility of the SERS method for Cyt ¢ quantitative detection was
validated using the ELISA method for comparison, and the results were shown in Table 2. The
results obtained by the two methods were consistent, which demonstrated the proposed SERS
biosensor platform to be a feasible and promising platform for SERS-based quantitative detection
of Cyt c in clinical applications.

Table 2. Results of serum samples using SERS and ELISA methods.

Sample SERS (ng/mL) ELISA (ng/mL) Relative error (%)
Healthy subjects 121.2 120.8 0.23
NSCLC 19.3 20.7 -4.95




Vol. 11, No. 12/1 December 2020/ Biomedical Optics Express 7075 |
Biomedical Optics EXPRESS AS

15000 | B | 15000
Healthy subjects
——NSCLC
—_
2 5
= 10000 s 10000 4
£ =
: 2
= 5000 £ 5000
=
- I
0 T T T 0-
1000 1200 1400 1600 1800 NSCLC Healthy subjects

Raman shift (cm™)

Fig. 8. (A) The mean SERS spectra of different clinical serum samples. (B) The bar charts
of the intensities of the peaks at 1360 cm™! corresponding to A.

4. Conclusion

In conclusion, we proposed a simple and sensitive SERS biosensor platform for quantitative
detection of Cyt c in the serum of NSCLC patients, which was composed of GNUs-modified
h-paper substrate containing Cyt c aptamer and CyS5-labeled complementary DNA. GNUs
aggregates had excellent SERS enhancement effect which was confirmed by FDTD simulation.
The filter paper was subjected to hydrophobic surface modification by AKD treatment, increasing
the density of GNUs decorated on paper. In the further study, by optimizing the reaction conditions,
such as the content of Cyt ¢ aptamer and Cy5-labeled complementary DNA, hybridization time,
incubation time of Cyt ¢ and pH values, the best performance of the SERS biosensor platform
could be achieved. The detection results of Cyt ¢ concentrations in PBS and human serum
displayed good linear relationships from 0 pg/mL to 10 ug/mL with detection limit of 1.148
pg/mL and 1.79 pg/mL respectively. In addition, SERS biosensor platform had the advantages
of good reproducibility and specificity. Finally, the proposed SERS biosensor platform was
successfully used for quantitative detection of Cyt ¢ in clinical serum samples. The low cost and
simplicity of this work laid the groundwork for future medical research and clinical treatment of
NSCLC.
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